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Rapid degradation of cell performance still remains a significant challenge for proton exchange membrane
fuel cell (PEMFC). In this work, we develop novel CeO2 nanocubes-graphene oxide nanocomposites as
durable and highly active catalyst support for proton exchange membrane fuel cell. We show that the use of
CeO2 as the radical scavenger in the catalysts remarkably improves the durability of the catalyst. The
catalytic activity retention of Pt-graphene oxide-8 wt.% CeO2 nanocomposites reaches as high as 69% after
5000 CV-cycles at a high voltage range of 0.8–1.23 V, in contrast to 19% for that of the Pt-graphene oxide
composites. The excellent durability of the Pt-CeO2 nanocubes-graphene oxide catalyst is attributed to the
free radical scavenging activity of CeO2, which significantly slows down the chemical degradation of Nafion
binder in catalytic layers, and then alleviates the decay of Pt catalysts, resulting in the excellent cycle life of
Pt-CeO2-graphene oxide nanocomposite catalysts. Additionally, the performance of single cell assembled
with Nafion 211 membrane and Pt-CeO2-graphene oxide catalysts with different CeO2 contents in the
cathode as well as the Pt-C catalysts in the anode are also recorded and discussed in this study.
P
roton exchange membrane fuel cell (PEMFC), the most promising energy conversion device, has attracted
considerable attention because of its high efficiency, high power density, and zero pollutant emission1–5.
However, the rapid degradation of cell performance still remains a significant challenge prior to the
commercial applications of PEMFC4. The poor cycle life of PEMFC mainly originates from the degradation of
key materials including proton exchange membrane (PEM) and catalytic electrode6–8. Perfluorosulfonic acid
ionomers such as Nafion is commonly used as PEM and catalyst binder in PEMFC. The use of perfluorosulfonic
acid ionomers in PEMFC is critical for the establishment of proton transport pathway in the fuel cell. However,
the chemical degradation of perfluorosulfonic acid ionomers in PEMFC is frequently observed in fuel cells after a
long period of operation9.
Numerous studies have revealed that the instability of Nafion during fuel cell operation was mainly ascribed to
the attack of free radicals such as hydroxyl and hydroperoxyl radicals10–12. The radicals are easily produced in
PEMFC through the reaction of hydrogen and oxygen on the electrode or the decomposition of hydrogen
peroxide in the presence of metal ion contamination in membrane11. The free radical attack can lead to the
formation of pinholes or cracks in membrane, which in turn results in gas crossover and ultimately the failure of
the fuel cell. Additionally, the dissolution of Nafion binder in catalytic layers also causes the loss of catalytic layers
and leads to the rapid degradation of electrocatalytic activity and cell performance. Although it is critical to
prevent the degradation of the Nafion binder, there are few existing strategies which enable the efficient stabil-
ization of Nafion binder in the catalyst. It has been shown that CeO2 nanoparticles could be used as effective free
radical scavengers in PEM to slows down the chemical degradation of membrane9,11,12. However, the chemical
dissolution of Nafion binder in catalytic layers still remains problematic since the free radicals are mainly
produced at the surface of catalytic electrode and then the newly-generated radical may first attack the Nafion
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binder. Development of a radical scavenging catalytic electrode will
be of great importance for both cases, but so far the radical scavengers
have only found very few applications in catalytic electrode.
With regard to catalytic electrode, the catalyst support plays an
important role in the performance of the electrode13. Recently, gra-
phene has attracted an increasing amount of interest for the use as
catalyst support. However, the 2D graphene always tends to stack
together due to the strong p-p interaction, which significantly inhibit
various properties of graphene such as the effective supporting area
for Pt catalysts14. Graphene oxide (GO) is the oxidation state of
graphene, in which the hydrophilic groups such as carboxyl
(–COOH) and hydroxyl (–OH) are introduced on the surface of
graphene by strong oxidant15,16, effectively preventing the restack
of graphene. Metal oxides, which can be well dispersed on the graph-
eme oxide, have been used for the functionalization of grapheme
oxide catalyst support. However, the previous studies mainly focused
on enhancing the catalytic activity of GO supported Pt catalyst with
the metal oxides17–19. The effect of the metal oxide addictive on the
stability of the catalyst was rarely studied. Moreover, there were few
reports on the fuel cell performance of the catalyst based on the GO/
metal oxide. In this paper, we develop a novel Pt/CeO2/GO catalyst
eletrocatalyst, in which CeO2 functions as the radical scavenger to
improve the durability of the catalyst. The structure andmorphology
of CeO2, GO, and the CeO2–GO nanocomposites are analyzed by X-
ray diffraction (XRD) and transmission electron microscopy (TEM).
The performance of single cell assembled from Nafion 211 mem-
brane and Pt/CeO2/GO catalyst with different CeO2 contents in the
cathode are also recorded and discussed in this study. The results
show that the Pt-CeO2 nanocubes-GO nanocomposites exhibit pro-
nounced electrocatalytic properties and the doping of CeO2 in cata-
lyst remarkably improves the durability of the electrocatalytic
activity.
Results
The XRD patterns of CeO2, GO and the CeO2-GO nanocomposites
with different CeO2 content are recorded for structural characteriza-
tion. As shown in Figure 1, the positions of diffraction peak collected
from the CeO2/grapheme oxide nanocomposites are fully consistent
with the XRD patterns of CeO2 and graphene oxide. No additional
peak has been observed, indicating that the nanocomposites are
composed of CeO2 and graphene oxide. No impurity was incorpo-
rated during the recombination process. Furthermore, the increased
relative intensity of diffraction peaks of CeO2 and GO with increas-
ing the content of CeO2 indicated that the doping amount of CeO2 in
the nanocomposite can be precisely controlled with the designed
process.
In order to get an overview on the morphology of the nanocom-
posites, TEM images (Figure 2) were taken from the nanocomposites
with various CeO2 contents. It is clear that a large graphene oxide
layer can be observed from the image and the CeO2 nanocubes with
size of around 5 nm were homogeneously distributed at the surface
of graphene oxide. It is also evident from the TEM images that the
density of the CeO2 nanocubes on the grapheme oxide can be finely
controlled by varying the doping amount of CeO2 during the
synthesis.
The Pt nanoparticles were loaded onto the CeO2-GO nanocom-
posites using the well-established polyol approach20,21. To investigate
the activity of the Pt/CeO2/Graphene oxide catalyst, the performance
of single cell assembled from Nafion 211 membrane and Pt/CeO2/
Graphene oxide catalyst with different CeO2 contents in the cathode
were characterized in terms of polarization curve (Figure 3a) and
power density (Figure 3b). It is well known that the voltage-current
curves can be divided into three regions: low current density regions
(0–200 mA cm22), intermediate current density region (300–
1000 mA cm22), and high current density region (more than
1000 mA cm22). During the low current density region, the perform-
ance of cell is dominated by the catalytic electrode. From Figure 3a, it
is apparent that the performance of single cell at low current density
region slightly increased when small amounts of CeO2 (5 wt% and
8 wt%) were doped into the catalyst. In contrast, further increase in
doping amount of CeO2 in the catalyst results in the decay of cell
performance. The results obtained here show great consistency with
the relationship of catalytic activity and CeO2 fractions in the elec-
trode, which confirms that large amount of CeO2 will influence the
catalytic activity and the performance of catalytic electrode is mainly
affected by the catalytic electrochemical active surface area.
Additionally, a pronounced concentration polarization is monitored
in the cell with 15 wt% of doped CeO2 when the current density is up
to 800 mA cm22. It demonstrates that excessive amounts of hydro-
philic CeO2 can increase the water-absorbing ability of electrode,
Figure 1 | XRD patterns of CeO2, graphene oxide and the GO-
CeO2nanocomposites.
Figure 2 | High resolution TEM of the GO-CeO2 nanocomposites with
CeO2 content of (a) 5wt%, (b) 8wt%, (c) 12wt% and (d)15wt%.
www.nature.com/scientificreports
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resulting in the water-flooding in catalytic electrode, which in turn
affects the gas transport and cell performance.
Figure 4 shows the open circuit voltage (OCV) degradation of
single cells during 0.6–1.2 V voltage cycle. The OCV of the fuel cell
assembled from Pt/graphene catalyst decreases significantly from
0.955 V to 0.895 V during 5000 cycles with an OCV reduction rate
of 30.96 mV/cycle. The OCV for the fuel cell assembled from Pt/
CeO2/graphene oxide catalyst with CeO2 of 5, 8, 12 and 15 wt%
decreases to 0.932, 0.944, 0.945 and 0.948 V during the first 3100
minutes, respectively. The corresponding OCV degradation rate is
about 11.87, 5.68, 5.16, and 3.61 mV/cycle, respectively, demonstrat-
ing that Pt/graphene catalysts with higher CeO2 contents are more
durable.
Discussion
To understand the high performance of the single cell assembled
from Pt/CeO2/Graphene oxide catalyst, electrochemical impedance
spectra of cells assembled from Pt-graphene catalysts consisting of
various amounts of CeO2 were recorded. As shown in Figure 5, the
first intersection point between the Z-axis and impedance spectra
reflects the resistance of proton transportation. Since all the tested
cells have the same membrane electrolytes, i.e. Nafion 211, they
exhibit rather similar proton transportation resistance of about
0.0027 V. The diameter of the corresponding semi-circle reflects
the resistance of charge transfer Rct, which is directly related to
exchange current density j0 and can be expressed as3:
Rct~RT=nFj0: ð1Þ
Accordingly, the exchange current density values j0 of applied Pt-
Graphene catalysts with CeO2 content of 0 wt%, 5wt%, 8 wt%, 12
wt%, and 15 wt% are calculated as 3.015, 3.459, 2.767, 2.735, and
Figure 3 | (a) voltage–current performance and (b) power density of single cell assembled with Pt/CeO2/GO catalysts with different CeO2 contents in the
cathode.
Figure 4 | Open circuit voltage (OCV) degradation of the single cell
assembled with Pt/CeO2/Graphene oxide catalysts with different CeO2
contents in the cathode.
Figure 5 | Electrochemical impedance spectroscopy of the cell assembled
with Pt/CeO2/GO catalysts with different CeO2 contents in the cathode.
www.nature.com/scientificreports
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2.703 Acm22, respectively. Thus, it can be concluded that doping
with 8 wt% of CeO2 can improve the oxygen reduction capability
of Pt-Graphene significantly. However, the activity of Pt-Graphene
catalyst decreases with further increase of doping amount of CeO2.
Cyclic voltammograms were applied to analyze the degradation of
the fuel cells. The Pt/CeO2/GO nanocomposites were fabricated by a
pulse-microwave assisted polyol route with Pt content of ,40 wt%.
The catalytic activity or electrochemical active surface area can be
estimated by the value of charge transform calculated from the
hydrogen oxidation peak observed from the cyclic voltammograms.
Figure 6a shows the initial cyclic voltammograms of the cell
assembled with Nafion 211 membrane and Pt/CeO2/GO catalyst
with different CeO2 fractions in the cathode as well as the Pt/C
catalyst (40wt%Pt, JM) in the anode. During themeasurement, argon
was fed into the working electrode (cathode: Pt/CeO2/GO catalyst)
and the hydrogen was fed into the counter and reference electrode
(anode: Pt/C catalyst). With this configuration, the electrochemical
active surface area obtained is mainly contributed by cathode cata-
lytic layers. As shown in Figure 6a, the peaks assigned to the hydro-
gen adsorption and desorption on Pt surface at the position of
20.15 V vs SHE were clearly observed from all the catalysts with
different amount of CeO2. Additionally, the peak of oxygen reduc-
tion is also visible in the range of 0.98–0.75 V. The results dem-
onstrate that the Pt nanoparticles were successfully deposited on
the surface of CeO2/GO nanocomposites and the doping of CeO2
into the composite catalytic electrode cannot present toxicity to the
catalytic activity of Pt catalyst. It is easy to draw a conclusion that the
electrochemical active surface area slightly increased after a small
amount doping of CeO2. The reason can be attributed to the spillover
of proton on the surface of CeO212,22, which can assist the formation
of new proton transport pathways, resulting in the increased three
phase (proton, electron and reaction gas) interface area. Higher dop-
ing amount of CeO2 will not help to improve the catalytic activity.
Indeed, the electrochemical active surface area even decreased with
the larger doped amount of CeO2 in the catalyst layer since CeO2
doesn’t possess catalytic activity. Larger amount of CeO2 doping can
block the defect sites on the GO surface for the further deposition of
Pt nanoparticles or block the active catalytic sites on the Pt catalysts.
Previous research results had shown that the free radicals could be
produced in cathode by a two electron hydrogen-oxygen reaction
during the high voltage condition in fuel cell11. Due to the presence of
a large number of surface defects or primarily oxygen vacancies on
the CeO2 nanocubes, the CeO2 could undergo redox reactions. Such
redox process could be used for scavenging the free radicals.
Therefore, we expect the introduction of CeO2 nanocubes in the
catalyst lead to the improved catalyst durability. In order to char-
acterize the durability of the electrocatalytic activity of Pt/CeO2/GO
nanocomposites, the nanocomposite catalysts with different
amounts of CeO2 were assembled into the cathode of single cells
which were operated in a high voltage region of 0.8–1.23 V. After
5000 CV-cycles, the cyclic voltammograms of all the nancomposite
catalysts are presented in Figure 6b and the electrochemical active
surface area (ECSA) of Pt/GO, Pt-GO-5wt% CeO2, Pt-GO-8wt%
CeO2, Pt-GO-12wt%CeO2 and Pt-GO-15wt%CeO2were calculated
to be 13.62, 43.30, 52.46, 49.07 and 34.23 m2g21, respectively. The
ECSA decreased by ca.81%, 45%, 31%, 34% and 53% for Pt/GO, Pt-
GO-5wt% CeO2, Pt-GO-8wt% CeO2, Pt-GO-12wt% CeO2 and Pt-
GO-15 wt% CeO2, respectively. It can be clearly seen that the doping
of CeO2 in the catalytic electrode remarkably improves the durability
of the electrocatalytic activity. The catalytic electrode is normally
prepared using Nafion as binder. Numerous studies found that the
dissolution of Nafion binder could lead to the decay of Pt catalyst,
resulting in a rapid degradation of the catalytic electrode23–27. The
free radicals produced on the electron surface may first attack the
Nafion binder and then destroy the electrode structure. Due to this
reason, the activity surface area of Pt/GO significantly decreased 81%
and the doping of CeO2 does help to slow down the dissolution of
binder and prolong the cycle life of catalytic electrode. Additionally,
it is worthy to note that the catalytic activity retention of Pt-GO-8
wt% CeO2 nanocomposites reached up to 69% after 5000 CV-cycles
at a high voltage range of 0.8–1.23 V.
In summary, a novel CeO2 nanocubes-GO nanocomposites with
free radical scavenging capability was developed by a facile hydro-
thermal method and used as support for Pt catalysts in fuel cell. The
XRD and TEM characterization confirmed that the CeO2 nanocubes
on the CeO2 nanocubes-GO nanocomposites are highly crystalline
and well dispersed at the surface of GO. The catalytic electrodes were
prepared by a pulse-microwave assisted polyol route. The CV and
cell performance were tested and the results show that a small
amount of CeO2 doping (,8%) can increase the electrochemical
active surface area and improve the cell performances. The durability
of the electrocatalytic activity of the nanocomposites was character-
ized using CV-cycles in a high voltage region of 0.8–1.23 V. The
results demonstrate that the doping of CeO2 could significantly slow
down the dissolution of Nafion binder and prolong the cycle life of
catalytic electrode. In the case of Pt-Grapheme oxide-8 wt.% CeO2
nanocomposites, the catalytic activity retention reached 69% after
5000 CV cycles, in contrast to 19% for that of the Pt/GO composites.
Methods
Preparation of graphene oxide (GO) and CeO2 nanocubes-GO nanocomposites.
The GO was synthesized from natural graphite powder (99.95%). Briefly, 1 g of
graphite, 0.8 g of K2S2O8, and 0.8 g of P2O5 were added into 10 mL of concentrated
Figure 6 | Cyclic voltammograms of (a) single cell assembled with Pt/
CeO2/Grapheme as oxide reduction catalyst (before) and (b) after 5000
CV-cycles.
www.nature.com/scientificreports
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H2SO4 under strong stirring at 80uC for 6 h. After cooling down the solution to room
temperature, 250 mL of deionized (DI) water was added into the above solution and
aged for 12 h. The suspension was filtered, washed, and dried to obtain the black
solid. After mixing the black solid with 60 ml of concentrated H2SO4 and 5 g of
KMnO4 in an ice bath, the suspension was transferred to a water bath and
magnetically stirred at 35uC for 2 h. The resulting dark-brown paste was diluted with
the slow addition of 150 ml of DI water and further stirred for another 2 h. 10 mL
(30 wt%) of H2O2 was slowly added to quench the solution to produce a golden-
brown solution. After the resultant product was centrifuged, the sample was washed
with HCl (1510) and DI water, respectively, until the pH of the washed solution was
ca. 6. Finally, the product was dried at 40uC.
For synthesis of CeO2 nanocubes-GO nanocomposites, 100 mg of GO was dis-
solved in 60 mL distilled water by ultrasonic dispersion for 2 h until a yellow-brown
suspension was formed. 0.1 mmol of cerium (III) nitrate was then added into the
suspension under vigorous stirring for another 2 h. After transfer the mixed sus-
pension to a 100 mL Teflon-lined stainless-steel autoclave, 10 mL of toluene, 1.5 mL
of oleic acid, and 0.1 mL ethylenediamine were added into the autoclave without
stirring. Finally, the autoclave was sealed and put into a furnace with a temperature of
180uC for 24 h. The obtained black precipitates were washed with alcohol for several
times and dried in vacuum for further characterization. The weight percentage of the
CeO2 nanocubes is 8% in the obtained CeO2-GO composites in this case. CeO2-GO
composites with different CeO2 contents was also prepared by by varying the amount
of added GO during the synthesis. The weight percentage of CeO2 nanocubes in the
CeO2-GO composites was controlled to be 5, 8, 12 and 15 wt%, respectively.
Synthesis of Pt-GO-CeO2 catalysts. The Pt-GO-CeO2 catalyst were prepared by a
pulse-microwave assisted polyol route20. H2PtCl6 with Pt content of 0.15 g was first
well mixed with ethylene glycol (EG, 100 mL) in a beaker by ultrasonic treatment for
30 min, and 0.35 g GO-CeO2 was added into the mixture. The pH value of the mixed
suspension was adjusted to 10 by drop-wisely addition of 1.0 mol L21 NaOH/EG
solution. After dispersing with high speed stirring and ultrasonication for 30 min, the
Pt ions in the suspension were reduced to Pt0 by intermittent microwave-heating with
pulses every 5 s for three times. After the reduction, the pH value of the suspension
was adjusted to 2 using 0.1 MHCl to promote the adsorption of Pt nanoparticles onto
supports.
Preparation of the membrane electrode assemblies. The resulting electrocatalyst
powders were filtered, washed and dried at 80uC for 10 h in a vacuum oven.
Membrane electrolyte assembly were prepared as follows28: firstly, catalyst inks were
prepared by mixing the catalyst, 5 wt% Nafion solution (DuPont D520) and
isopropyl alcohol with a weight ratio of 156510 under vigorous stirring. Then the
catalyst slurry was screen printed onto the GDL (TGP-060, Toray Inc.) to form the
electrocatalyst layer. Pt loading was 0.2 mg cm22 and 0.4 mg cm22 for the anode and
the cathode, respectively. The catalyst layer was dried at 60uC for 10 min and at 90uC
in N2 atmosphere for 3 min. The Nafion 112 membrane (50 mm) and electrocatalyst
layers were bonded together by hot pressing under 10 MPa at 125uC for 90 s.
Characterization of the catalysts. Transmission electron microscopy (TEM) was
carried out on a JEOL 6300 at an accelerating voltage of 100 kV. The samples for these
measurements were dispersed in absolute ethanol by vibration in the ultrasonic pool.
The solutions were dropped onto a copper grid coated with amorphous carbon films
and dried in air before the performance.
Single fuel cell was assembled with the as-prepared MEAs and graphite flow field
plates under the pressure of 10 MPa. The active area of the cell was 23 2 cm2. H2 and
air were used as fuel and oxidant without back pressure. The flow rates of H2 and air
were 300 sccm and 2000 sccm, respectively. Cell performances were recorded by a
Solartron 1260. The MEA was mounted in a single cell test fixture with a serpentine
flow field and a fuel cell clamp (with an active area of 23 2 cm2). The single cells were
first activated using a cycling protocol. The cell was operated at each pre-set current
density for 2 minutes with the increment of 50 mA cm22. At the maximum current
density where the output voltage is greater than 0.3 V, the cell was continuously
operated for 2 h and then back to OCV in 50 mAcm22 increments with operation of
cell for 2 minutes at each step. The process was repeated until the performance
reached a stable state at each testing point. After the activation, the single cell per-
formance was assessed. A stoichiometry ratio of 1.5 and 2.5, for H2 and air respect-
ively, was used for the test.
The electrochemical active surface area or activity of the cell was estimated from
cyclic voltammegrams (CV) measured with a scan rate of 20 mV/s at ambient tem-
peratures. During themeasurement, hydrogen at a flow rate of 10 sccmwas fed to the
anode (which served as the counter and reference electrodes) and argon to the
cathode at 100 sccm, which served as working electrode. The potential was scanned
between 0.05 V and 1.2 V. Electrochemical active surface areas were obtained by
comparing the area of hydrogen oxidation peaks from the cyclic voltammograms.
Electrochemical accelerated durability tests were employed to evaluate the long-term
performance of catalysts. During the tests, the CV cycles were conducted between 0.6
and 1.2 V versus dynamic hydrogen electrode (anode).
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